INTRODUCTION
ln line mixers take accurate industrial importance in the case ofrapid or instantaneous blendings since they show vcry few dead zones and are especially well adapted to continuous processes.
Within basic in-line mixers, products are carried by large-sca]e convection and turbulent diffusion: large scale convection cuts fluids into areas and puts them into the main motion, creating big eddics; shear stresses and small-scale turbulent movements give finer vortices, in which molecular diffusion puts an end to mixing. As a consequence, turbulence has to be increased to enhance mixing.
The introduction of static mixers inside an in-line reactor may provide additiona] agitation of fluids. Many types of static mixers exist: baffles break the main ftow and force it to change into a series of large eddies; divergent devices and elbows ]et fine-scale turbulence develop. Cornplex nozzles, jets, opposed inlets, distributors, or pulsed fl ows., are also promoters of turbulence and mixing.
Tubular jet-stîrred mixers have been classified by Sinclair and McNaughton (1970}. However, for indus trial purpose, confined jets and free jets are distin gnished: the former ones may be equipped by simple static mixers and the latter by nozz]es that are able to speed up the mixing process. Thus, in a burner, the jet is often given a swirling effect to stabilize the flame (Bafuwa and McCallum, 1973) : increasing the jet tur bulence (Syred and Beer, 1974 ) and the dragging of the surrounding combustible gas, and promoting its blending near the nozzle and in toroïdal recirculation areas-which are usual for jet flows (Barchilon and Curtet, 1964 )-•-the swirling jet shortens the combus tion Iength.
To analyse precisely the swirling-jet mixing process, one needs local values of velocity, energy of turbu lence and concentration throughout the flow. These data would also be very useful to any modelling attempt (Guiraud et al., 1992). This paper aims to provide such local results in an in-line confined axisymmetrical swirling-jet reactor: after the report of general basis about swirlingjets and the description of the experimental apparatus and techniques, these rcsults are studied and compared to the behaviour of the corresponding non-swirling-jet mixer.
MIXING WITH A SWIRLING JET

Swirl generation
There are six main swîrl generators which can be sorted out into two types: the mechanical systems such as the rotating-nozzle (So and Ahmed, 1986) and the rotating-plane distributors (Chigier and Chervinsky, 1967) ; and the static ones such as the twisted tape (Seymour, 1963) , the purely tangentiaf entrance (Escudier et al., 1980) , the tangential-radial entrance (Faler and Leibovich, 1978 ) and the tangen tial-axial one (Beer and Leuckel, 1970) , Ali these generators can be compared wîth each other. The particular high efficiency of the twisted tape has been proved (Duquenne, 1992) , and anyone who is concerned with the industrial purpose may notice tltat this swirl generator is easy to manufacture and to adapt to a jet mixer.
Evaluation of the swirl eff ect
To estimate the swirl elfect in a jet, the swirl number S has to be used: It is hardly possible to evaluate the total pressure term as it may change significantly along the nozzle, depending on how the swirl is generated. This term is therefore neglected, but the resulting error on S is minimized if the precise profiles in Ü and W at swirl generator are available (Beer and Leuckel, 1970) .
Swir/ing-jet reactor hydrodynamics
The efficiency of swirling-jet mixers may be ex plained by the hydrodynamical structure of these flows. It shows four main turbulent areas which are shown in Fig. 1. (a) Area �f jet radial expansion: Its width can be twice the width of the free jet, even for weak swirl (when the maximal tangential velocity is 5 times weaker than the initial axial velocity U 0 ). Dragging, therefore mixing of surrounding fluid, is especially intense.
(b) Toroidal recirculation zones: These are next to the jet entrance and appear for mean swirl. They create important velocity fluctuations, which means a high level of turbulence and shear rate, and therefore a high rate of fine scale mixing. 
Dimensiona/ analysis
The dimensional analysis of the system studied brings forth one geometrical and three hydrodynam ical independent significant ratios.
The chosen geometrical non dimensional charac teristic of the system is R 0 /R 1 , which will not vary in this work. The hydrodynamical ones could be U 0 /U 1 , W m .. /U 0 and p U 1 R i /µ, for instance, where U 0 is the axial velocity on the axis at z = 0, U 1 the axial velocity of the co-current at z = 0, W ma • the maximum tangen tial velocity in the jet outlet plane.
The variable parameters of this study are in fact U 0 /U 1 , S and Re, where Re= 2 p U 0 R 0 /µ is the jet Reynolds number.
LOCAL ANALYSIS OF THE .JET-STIRRED AXISYMMETRICAL TUBULAR REACTOR UNDER TURBULENT REGIME
The following description is established for Re = 40,000, U 0 /U 1 = 17.4 and S = 0.31. The axial velocity and concentration profiles will be compared with those of a similar study dealing with the correspond ing non swiding jet reactor (Guiraud, 1989) .
Axial profiles along the axis
Mean axial velocity O /U 0 a long the axis. The mean axial velocity Ü, measured on the z-axis, is normalized by U 0 and plotted (Fig. 3) vs the non dimensional coordina te z / R 1 . As soon as the jet leaves the nozzle, Ü increases from U 0 to 1.1 U 0 , the value that is reached at z/R 1 = 0.5: the jet core is slown down along the nozzle axis because of the twisted tape wall (Duquenne, 1992) . Ü then goes back to the profile of a classical confined jet (Guiraud, 1989) . However, the decrease of Ü is observed more rapidly than in the case of a non swirling jet: 0 becomes stable at z/R 1 = 7 instead of 8.5. The homogenization of the two flows inside the reactor operates faster when the jet swirls. This prob ably means that its angle of expansion is larger than that of the non swirlingjet. Thanks to the swirl, a tan gential velocity transient appears all around the jet, helping the usual axial velocity transient to create eddies between the two currents.
Turbulence intensity, 1. A particular development of turbulence is noticed in the swirl case (Fig. 4) , where profiles of turbulence intensity, /, along the z-axis are compared.
On the axis, / can be written with the relation: At the end of the reactor, the remaining turbulence takes a longer time to disappear. The last value (1 = 15% in the swirl case) proves that the mean flow is really turbulent.
Mean concentration, C/C 0 . Concentration profiles are normalized by C 0 . On the axis (Fig. 5) , they show two distinct parts. For the swirlingjet, it is to be noted that:
-from z/R, = 0 to z/R 1 = 7, the mean concentra tion decreases quickly. lt is carried by convection by the means of the radial velocities towards the annular current whose initial concentration is C = O. Turbu lent diffusion is also active.
-from z/R 1 = 7 to the end of the reactor, the mean concentration is stable, and ë/C 0 = 0.42, which agrees with the mass balance in the whole mixer. At z/R, = 7, macromixing has stopped.
There is no clear difference between the profiles of mean concentration of the swirling and the non swirling jets.
Root-mean-square concentration, ( c 2) 1 1 2 /C 0 . Since concentration is homogeneous in the jet, concentra tion fluctuations are quite equal to zero at z = 0 on the axis (Fig. 6) for both types of jets.
After jet outlet, some packets of fluids begin to be blended with the co-current ail around the jet; convec tion and turbulent diffusion carry some pure water elements towards the axis too. That is why root mean-sq_ uare (r.m.s.) concentration increases quickly and reaches 0.15 at z/R 1 = 1 in the swirl case. This turbulent mixing goes on from z/R 1 = 1 until z/R 1 = 9, where concentration is probably stable through the whole reactor section. Micromixing is achieved until the scale of the probe. • swirllng jet Once mixing is begun, / s goes back to zero or at least to the lowest value that the experimental pre cision (2%) allows to be measured. l s seems to be stable atz/R 1 = 9in the swirl case and atz/R 1 = l0in the classical case.
Radial profiles
We recall that the radius of the injector is 0.2R 1 . • z/ 1 =0.6 (Duquenne, 1992) by the means of a tangential entry for the primary flow into the injec tor. Moreover, S and U 0 /U 1 may be used to adjust the mixing behaviour of industrial reactors involving the mixing-sensitive phenomena such as precipitation or fast chemical reactions.
However, the velocity and concentration measure ments presented here can now be used as validation data for CFD (Guiraud et al., 1992) . A more precise description of the physical phenonmenon would be provided by the measurement of cross correlations between velocity components and local concentra tions. To obtain these data one must perform simul taneously the measurement of velocity and concentra tion in the probe volume.
